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ABSTRACT: The LHCb experiment is set for a significant upgrade, which will be ready for Run 3
of the LHC in 2020. This upgrade will allow LHCb to run at a significantly higher instantaneous
luminosity and collect an integrated luminosity of 50fb−1 by the end of Run 4. In this process the
Vertex Locator (VELO) detector will be upgraded to a pixel-based silicon detector. The upgraded
VELO will improve upon the current detector by being closer to the beams and having lower
material modules with microchannel cooling and a thinner RF-foil. Simulations have shown that
it will maintain its excellent performance, even after the radiation damage caused by collecting an
integrated luminosity of 50fb−1.
KEYWORDS: Performance of High Energy Physics Detectors; Particle tracking detectors
(Solid-state detectors); Radiation-hard detectors.
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1. The vertex locator
The LHCb experiment is a forward single-arm spectrometer collecting data at the Large Hadron
Collider (LHC) at CERN. The Vertex Locator (VELO) detector allows LHCb to measure vertices
very accurately, such that primary vertices (from proton-proton collisions) and secondary vertices
(from decays of short-lived particles) can be separated. The VELO is a silicon strip detector made
of 42 modules, where each module has strips in the R and φ -directions on alternating sides. The
modules are placed along the beam line over roughly a meter, such that each particle which origi-
nates from the interaction region at an angle in the range from 15mrad to 390mrad can be recon-
structed. The VELO modules are cooled using evaporative CO2 cooling. The modules are kept in a
vacuum, which is separated from the LHC vacuum by a 300µm thick RF-foil [1]; the foil stops the
beams from inducing currents in the modules. Figure 1 shows the complex shape of the RF-foil.
Nominally the VELO is 27mm from the LHC beams to ensure they do not damage the VELO.
During data taking, once the beams are stable, the modules move in so that the sensor edges are
8.2mm from the beams. More details about the VELO and LHCb can be found in [1, 2, 3]. The
performance of the VELO and the effects of radiation damage are discussed in [4, 5].
2. The LHCb upgrade
The LHC does not deliver the maximum instantaneous luminosity that it could to LHCb; the beams
are separated to reduce the number of collisions. The general purpose detectors (ATLAS and
CMS) have a maximum instantaneous luminosity of 7×1033 cm−2 s−1, whereas LHCb receives
4×1032 cm−2 s−1, almost a factor of 20 less. The hardware trigger in LHCb uses transverse energy
(Et) in the calorimeters to trigger events with interesting hadronic decays. When the luminosity
is increased a harder cut must be made on Et to keep data rates manageable, but this reduces the
trigger efficiency. This means the trigger yield saturates as luminosity is increased [6]. To overcome
this limitation LHCb is planning an upgrade during LHC long shut-down 2 (LS2). This upgrade
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Figure 1. Comparison of the current RF-foil (left) and the upgrade RF-foil (right). The left image shows the
two halves of the current RF-foil, while the inset image zooms into the region of the RF-foil near the beams.
The right image shows one half of the simulated upgrade RF-foil with some modules in place.
will allow the full detector to be read out into a software trigger, bypassing the hardware trigger;
this will enable LHCb to run at a luminosity of 2×1033 cm−2 s−1. This rise in luminosity increases
the occupancy of the VELO to unacceptable levels. Further, running in these conditions pushes the
radiation damage beyond the maximum allowable and so the VELO will need to be upgraded.
3. The vertex locator upgrade
The upgrade VELO will use pixel sensors [7] instead of strip sensors; this is the largest change
between the current and the upgrade VELO. Aside from this, many aspects will remain the same:
the modules will move in close to the beams when they become stable, evaporative CO2 cooling
will be used and most of the support infrastructure outside of the vacuum will remain the same. In
the next section the upgraded detector will be described and the major differences highlighted.
3.1 Detector overview
Each VELO upgrade module will contain 4 planar silicon sensors, as can be seen in Fig. 2. Each
sensor will be read out by 3 VeloPix chips, which are based on Timepix3 [8]. The VeloPix measures
14.07× 14.07mm2 and contains 256× 256 pixels, which leads to a pitch of 55µm. The VeloPix
will use a binary data-driven readout of 4×2 super-pixels. The sensors will need a bias voltage of
1000V after the radiation damage received while collecting an integrated luminosity of 50fb−1 [7].
It is difficult to have this high voltage without sparking between the sensor and the VeloPix and so
a guard ring of 450µm has been specifically designed to reduce the risk of sparking. Additionally
the sensor edge may be coated to further reduce the risk of sparking. The VeloPix and sensors
will be bump-bonded and together glued onto the silicon substrate, which will be cooled using
microchannels. These are made by etching 200µm wide and 120µm deep channels into 260µm
thick silicon. Then another 140µm thick piece of silicon is overlaid to seal the channels. Liquid
CO2 is pumped through these channels at a pressure of 20bar to 30bar [7] where it evaporates
and cools the module. Unlike other methods of cooling, there will be no mismatch in coefficients
of thermal expansion and so the module will not deform when cooled and heated. Further, this
is a particularly low-material cooling method since it requires no additional conductive material
around the sensors. Thermal simulations of the microchannel cooling have determined that the tip
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Figure 2. The diagram shows the upgrade VELO modules and one possible design of the supports which
will hold the modules in place. The silicon substrate (turquoise) with microchannel cooling inside is shown,
however it is mostly hidden beneath the hybrid (brown). The sensors (red) will be evenly distributed on
opposite sides of the module.
of the sensor could extend 5mm from the edge of the substrate, which further reduces the material
that particles must pass through. The microchannels must not leak into the VELO vacuum; to
ensure this, the pressure was successfully cycled a thousand times from 0bar to 160bar using a
prototype with no leakage. The active silicon sensor will be moved almost 40% closer to the beams,
from 8.2mm to 5.1mm; this reduces the extrapolation distance to the vertices and so improves
the vertex and IP resolution. The RF-foil is responsible for 50% of material that particles pass
through in the VELO, so its design is critical. The RF-foil is shaped to fit tightly around the VELO
upgrade modules and is corrugated to minimise its contribution to the material; this leads to a very
complicated shape as pictured in Fig. 1. It will be milled out of a solid aluminium block to a
thickness of 250µm and then possibly chemically thinned around the area near the beams.
3.2 Simulated performance
The impact parameter (IP) of a track is the perpendicular distance between the track direction and
its associated primary vertex; this is an important property for LHCb, because it effects physics
quantities such as the lifetime resolution and the IP can also be used to trigger events which con-
tain long-lived particles like B mesons. In Fig. 3 the IP resolution is shown as a function of inverse
transverse momentum (1/pT), where it can be seen that the upgrade VELO will significantly im-
prove the IP resolution. The improvements come from the low-material modules, the thinner RF-
foil and from moving the active silicon closer to the beams. The expected tracking efficiency of the
current and upgrade VELO detectors during Run 3 is shown in Fig. 3. The increase in occupancy in
Run 3 creates many fake tracks in the current strip-based VELO and reduces its tracking efficiency,
but the upgrade pixel-based VELO does not suffer from this issue. The excellent performance of
the upgrade VELO is only useful if it can withstand the effects of being irradiated. Figure 3 shows
the expected effect of radiation on the performance of the upgrade VELO with sensors biased to
500V. There is only a relatively small degradation in performance after collecting an integrated
luminosity of 50fb−1, which can almost completely be removed by further increasing the sensor
bias. This demonstrates that the detector can maintain the excellent performance even after heavy
irradiation.
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Figure 3. The left plot shows the IP resolution as a function of 1/pT for the current VELO (black circles)
and the upgrade VELO (red squares), with a typical 1/pT spectrum in grey. The middle plot shows tracking
efficiency as a function of azimuthal angle (φ ) for the current and upgrade VELO detectors. The right plot
shows the effect of radiation damage on the IP resolution; the points show the performance after 0fb−1 (black
circles), 10fb−1 (red squares), 30fb−1 (yellow upward triangles) and 50fb−1 (blue downward triangles).
4. Conclusion
The LHCb experiment is set for a significant upgrade, which will be ready for Run 3 of the LHC
in 2020. This upgrade will allow LHCb to run at a significantly higher instantaneous luminosity
and collect an integrated luminosity of 50fb−1 by the end of Run 4. In this process the VELO will
be upgraded to a pixel-based detector. The upgraded VELO will improve upon the current detector
by being closer to the beams and having lower material modules with microchannel cooling and a
thinner RF-foil. Simulations have shown that it will maintain its excellent performance, even after
the radiation damage caused by collecting an integrated luminosity of 50fb−1.
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